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Abstract 
Thermophotovoltaic (TPV) devices based on GaInAsSb lattice matched to GaSb (100) substrates have 
demonstrated high external quantum efficiencies (EQEs) in the mid-infrared spectral range, making 
them promising candidates for waste heat recovery from high temperature “blackbody” sources. In this 
work, the GaInAsSb alloy has been integrated onto more cost-effective GaAs (100) substrates by using 
advanced metamorphic buffer layer techniques in molecular beam epitaxy (MBE), which included an 
interfacial misfit (IMF) array at the GaSb/GaAs interface followed by GaInSb/GaSb dislocation 
filtering layers. The threading dislocations in the GaInAsSb region can be efficiently supressed, 
resulting in high quality materials for TPV applications. To determine the performance of the GaInAsSb 
TPV on GaAs it was compared with a cell grown lattice matched onto GaSb substrate having the same 
structure. The resulting TPV on GaAs exhibited similar dark current-voltage characteristics with that 
on GaSb. Under illumination from an 800 °C silicon nitride emitter, the short circuit current density (Jsc) 
from the GaInAsSb TPVs on GaAs reached more than 90% of the control cell on GaSb, and the open 
circuit voltage (Voc) exceeded 80% of the cell on GaSb. The EQE from the TPV on GaAs reached 
around 62%, the highest value reported from this type of TPV on GaAs. With improved TPV structure 
design, large area GaInAsSb TPV panels on GaAs substrates can be realized in the future for waste heat 
energy recovery applications. 
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1. Introduction 
Using the same working principle as solar cells, thermophotovoltaic (TPV) cells can absorb the emitted 
photons from “blackbody” thermal sources to produce current flow and voltage bias, providing a direct 
and convenient energy conversion method from heat to electricity [1,2]. With the advantages of  a fully 
solid state process, wide absorption spectra and direct DC power output, TPVs can find a variety of 
applications such as large and microscale power generators [3], solar thermophotovoltaics [4], remote 
or silent power and alternative power supply in space applications [5]. Moreover, TPV systems can also 
be designed to absorb the thermal radiation from existing high temperature sources, which are prevalent 
in many industrial sites, serving as a waste heat recovery technique.  For example in steel, glass and 
cement  factories where temperatures can reach above 1000 K on the production line [6]. The 
installation of efficient TPV systems in these places could generate additional electricity to power some 
of the on-site equipment, helping to reduce the overall energy consumption and carbon emissions. 
In the last few decades, different semiconductor materials such as silicon [7], InAs [8], InGaAs [9], 
GaSb [10,11] and GaInAsSb [12–15] have been investigated for TPV cell applications. Among these, 
the GaSb TPV cells with bandgap ~0.72 eV have achieved more than 0.5 V open circuit voltage (Voc) 
and more than 60% external quantum efficiency (EQE). In addition, a number of commercial designs 
for the GaSb based TPV power generators have been patented [16,17], making it the most mature TPV 
technology to date. However, simulation work indicated that for lower temperature 1000–1800 K 
thermal emitters, GaInAsSb TPVs can achieve much higher power conversion efficiencies than the 
GaSb TPVs, mainly due to the narrower bandgap of GaInAsSb enabling the cells to absorb more emitted 
photons [18,19], although a more realistic consideration by Tang et. al. estimated that for devices with 
diffused emitters, the GaSb cell can surpass the GaInAsSb cell in output power when illuminated by a 
higher than 1500 K blackbody [20]. The work on GaInAsSb based TPVs has been mostly focused on 
0.53 eV bandgap Ga0.82In0.18As0.16Sb0.84 materials grown latticed matched on GaSb (001) substrates. 
Both molecular been epitaxy (MBE) and metal organic chemical vapor deposition (MOCVD) have been 
successfully utilized for the device growth. By optimizing the doping concentrations and carrier 
blocking layers, excellent performance from GaInAsSb TPVs have been reported with an Voc of around 
0.3 V, about 60% EQE and 90% internal quantum efficiency (IQE) [15]. 
Because GaSb substrates are expensive, at present this limits the applications of the GaInAsSb TPVs, 
especially for situations where large area panels are required, such as for waste heat recovery. By 
comparison, GaAs (001) substrates can provide a cost-effective III-V semiconductor material platform 
with mature processing techniques for the widespread utilization of GaInAsSb TPVs. However, the 
existing GaInAsSb TPV technology on GaSb cannot be directly transplanted onto the GaAs substrates 
due to the large lattice mismatch Δa/a0=7.8%, where a0 denotes the lattice constant of GaAs and Δa the 
lattice constant difference. High densities of threading dislocations will result from the direct epitaxial 
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growth of GaInAsSb onto GaAs, which seriously deteriorates the device performance [21,22]. Various 
metamorphic growth techniques have been investigated for the epitaxial integration of different types 
of semiconductors with large lattice mismatch, such as graded buffer layers [23], dislocation filtering 
structures [24] and interlayer structures [25]. However, little work has yet been carried out on the 
integration of GaInAsSb on GaAs substrates. 
In this work, we designed an advanced metamorphic buffer layer structure by combining interfacial 
misfit (IMF) arrays [26] with dislocation filtering layers (DFLs), for the MBE growth of GaInAsSb 
TPVs on GaAs substrates. The strain release and the evolution of the threading dislocations in the buffer 
layer were studied using transmission electron microscopy (TEM) and geometric phase analysis (GPA). 
The dislocation density in the TPV region was obtained from electron channelling contrast images 
(ECCIs). The GaInAsSb TPV on GaAs was fabricated and studied together with a reference TPV having 
the same structure but grown lattice matched on GaSb. The electrical and optical properties of the TPVs 
were systematically measured and the performance of the TPV on GaAs was compared with the 
reference cell under the same test conditions. The metamorphic TPV on GaAs achieved very similar 
values of Voc, Jsc and EQE compared with the reference cell, demonstrating that efficient dislocation 
suppression in the buffer region can enable GaAs substrates as a low-cost platform for GaInAsSb TPV 
applications in the future. 
 
2. Experimental details  
2.1 Molecular beam epitaxy 
A Veeco GENxplor solid source MBE system was utilized for the growth of the TPV structure on a 2-
inch silicon-doped GaAs (n) substrate with n-type carrier concentration of 1017 cm-3. Firstly, undoped 
GaSb (i-GaSb) material was deposited on the GaAs substrate using the IMF technique at the GaSb/GaAs 
interface, at 560 °C substrate temperature (Ts). The Ts was then lowered to 500 °C for the growth of 
about 1 µm of GaSb. Four regions of DFLs were then deposited, each containing 10 periods of GaInSb 
(10 nm)/GaSb (12 nm) and separated by 300 nm i-GaSb in between. The Ts was maintained at 445 °C 
for the SL growth. The GaInAsSb material was calibrated to have the same lattice constant as GaSb. 
With a bandgap of about 0.5 eV, the composition was estimated as Ga0.78In0.22As0.20 Sb0.80 [27]. Based 
on previous work [13], the TPV was designed as a p-on-n structure, with a 0.5-µm-thick GaSb n-contact 
layer doped to 5×1017 cm-3 at the bottom, followed by a 1-µm-thick GaInAsSb base region also n doped 
to 5×1017 cm-3, a 4-µm-thick GaInAsSb emitter region p doped to 2×1017 cm-3, and a 0.1-µm-thick GaSb 
contact/window layer p doped to 2.5×1018 cm-3. The thick p-emitter will serve as the major absorption 
region, which can take advantage of the longer minority carrier diffusion length in p-type GaInAsSb 
than in the n-type material. It is worth noting that in our current TPV structure, the wide bandgap barrier 
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layer and back surface field (BSF) layer have not been included. The TPV structure together with the 
buffer region is illustrated in Fig. 1. An identical TPV was grown by MBE on a GaSb (n) substrate 
doped to ~1017 cm-3 without the buffer region and used as the reference cell. 
2.2 Device processing 
The GaInAsSb TPV on GaAs and the reference cell were processed using conventional photo-
lithography and wet etching techniques. The samples from MBE were dipped in HCl:H2O (1:1) solution 
to remove contaminants and surface oxidation. Circular mesas in 400 µm diameter were fabricated on 
both samples by etching in a H3PO4 and C6H8O7 based solution. Afterwards, the sidewalls were cleaned 
by soaking the samples in HCl:H2O:H2O2 (100:100:1) to eliminate possible surface defects. The patterns 
of the metal contacts were defined by two layers of photoresist for the lift-off process. The p-contacts 
were made of Ti (20 nm)/Au (200 nm) and the n-contacts consisted of GeAu (20 nm)/Au (200m), both 
of which were deposited by thermal evaporation. No anti-reflection (AR) coating was deposited on the 
devices. Fig. 1 illustrates the finished TPV device on GaAs. 
2.3 Characterization 
TEM specimens were prepared using standard grinding, polishing and Ar+ ion-milling to electron 
transparency, and examined in JEOL 2100 LaB6 TEM operating at 200 kV. GPA measurement was 
performed using the program Strain++, which is based on the strain analysis method proposed by Hÿtch 
et al. [28]. ECCI results were obtained with a Zeiss Gemini scanning electron microscope operating at 
30kV and a 4-quadrant backscatter electron detector. In order to investigate the structural quality of the 
SL regions on GaAs, the GaInAsSb material was etched off and the underlying structure was examined 
using high resolution double crystal X-ray diffraction (XRD) measurements with a Bede QC200 
diffractometer. The EQE of the cells were measured using a Bentham PVE300 system with a PbS 
detector. The current-voltage characteristics were measured using a Keithley 2400 source meter. The 
TPVs were mounted in front of an 800 ˚C silicon nitride (Si3N4) emitter or a solar simulator at 1 sun 
(AM1.5 condition) to determine the photo and electrical response. The 800 ˚C Si3N4 graybody emitter 
has a high emissivity of ~0.9 in 1-5 µm spectral range [29], with peak wavelength λpk ~2.7 μm, while 
the solar simulator has λpk ~0.6 μm. 
 
3. Results and discussions 
3.1 Metamorphic buffer layer 
The epitaxial growth of lattice mismatched materials is highly desirable so as to make use of cheaper 
and more mature substrate platforms such as GaAs and Si. High densities of threading dislocations 
6 
 
(TDs) can be excepted from the direct deposition of epilayers onto substrates with large lattice mismatch, 
which can significantly deteriorate the performance of most semiconductor devices. By simply growing 
thicker buffer layers one can reduce the TD density, but theoretical modelling predicts that if the TD 
density reduction cannot be efficient enough by the use of thick buffer layers alone [30]. Various 
approaches have been proposed for the reduction of TDs in highly mismatched semiconductors. Among 
them, the dislocation filtering layers (DFLs) which are composed of strained superlattices, have 
demonstrated efficient reduction of TD densities [31]. For example, DFLs have been successfully 
implemented in the MBE growth of III-V lasers [32] and photo-detectors [33] on Si substrates where 
they have achieved excellent performance. Besides the DFL technique, interfacial misfit (IMF) arrays 
have been developed, particularly for the growth of GaSb on GaAs. Subsequently, GaSb based lasers 
[34], light emitting diodes [35] and detectors [36] on GaAs with IMF arrays have been reported. 
Recently, GaSb TPVs have also been integrated on GaAs substrates using IMF techniques but exhibited 
an EQE of only ~ 40% [37]. The effect of IMF arrays has been extensively investigated. They can 
effectively release the strain in the direction perpendicular to the interface, thus reducing the number of 
TDs in the subsequent epilayers [26]. In our design, we combined the advantages of the IMF array, i.e. 
lower TD density arising from the GaSb/GaAs interface, together with the DFLs, i.e. efficient reduction 
of the TD density in the buffer region, to achieve high quality lower bandgap GaInAsSb material on 
GaAs substrate for TPV applications.  
Cross-section TEM images of the metamorphic buffer were shown in Fig. 2a. The IMF array on the 
GaSb/GaAs interface shown in Fig. 2c was comprised of ½<110> edge misfit dislocations with a 
spacing of ~3.7nm, which give 100% relief of the misfit strain and were clearly visible in the  xx strain 
map produced by GPA (Fig. 2d). Interestingly, many of the dislocation cores were split in two in the 
GPA strain map, which may indicate that the misfit dislocations have dissociated into a pair of ¼<110> 
dislocations on the (001) plane. Only a small fraction (<1%) of these misfit dislocations turned into 
TDs, but this still resulted in high densities of TDs (>109 cm-2), which can be observed originating from 
the region near the GaSb/GaAs interface in Fig. 2a. Initially, the TD density decreased rapidly away 
from the interface, but after the first few hundred nanometer there was little obvious change. 
Consequently, we placed 4 DFL structures, separated by ~300 nm GaSb, on top of the 1 µm thick GaSb 
layer. Each DFL was composed of a strained superlattice of 10 periods of GaInSb/GaSb, designed to 
have strain above the critical thickness for relaxation with the aim of moving TDs laterally to encourage 
them to interact and annihilate. Fig. 2b showed the high resolution TEM image of the top DFL region, 
where clear interfaces between GaInSb and GaSb can be observed. Fig. 3 showed the ω-2θ XRD plot 
from the buffer after removal of the TPV by etching (red curve), together with the simulated fit (blue 
curve). The peak at zero was the GaAs substrate and the one at -9570 arcsec was the GaSb. The satellite 
peaks on both sides of the GaSb peak were generated by the superlattices. The simulation gave layer 
thicknesses in the superlattice of ~10.1 nm for GaInSb and ~11.5 nm for GaSb, very close to the 
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designed values of 10 nm and 12 nm respectively. The composition of the strained ternary material can 
also be determined as Ga0.83In0.17Sb. The measured XRD spectrum exhibited broader, weaker and fewer 
superlattice peaks in comparison with the simulated spectrum. These differences were caused by the 
misfit dislocations at the superlattice-matrix interface that form as they relax (Fig. 2a). Fig. 2a also 
exhibited a decreasing density of TDs through the DFL structure, such that the material above the top 
DFL region appeared dislocation free in the limited area observed by TEM. The mechanism of TD 
suppression by strained superlattices in GaAs buffers has been investigated in detail [30]. In the work 
of Chen et al. [24], In0.18Ga0.82As/GaAs superlattices with a strain of 1.2% achieved excellent results on 
the reduction of TD densities. In our design, the Ga0.83In0.17Sb/GaSb superlattices generated a strain of 
1.1%, almost same as in their work. Thus, in order to quantify the TD density in the active region we 
performed ECCI on the sample surface, which allowed even low densities of TDs to be observed by the 
effects of their strain fields on a backscattered electron image [38]. TDs appeared as bright or dark spots 
in the ECCI image of Fig. 4, with a density of (6.0±0.8)×106 cm-2, much better TD suppression than 
GaSb/AlSb superlattices reported previously [39].   
3.2 Electrical characterization 
The dark current density-voltage (J-V) curves of the TPV on GaAs and the reference cell are plotted in 
Fig. 5a. Both devices were in 400 µm diameter. In the forward bias regime, the two curves showed a 
very similar trend. The series resistance (Rs) was estimated by making linear fit on the I-V curves in 
Fig. 5a, on the part of the characteristic where the voltage was greater than 0.35 V. The series resistance-
area product (Rs∙A) of the TPV on GaAs (49 mΩ∙cm2) was smaller than the reference cell (61 mΩ∙cm2). 
However, the Rs∙A from our devices was still larger than the lowest reported experimental value (~15 
mΩ∙cm2) [40]. The top-top contact configuration in our devices can very possibly result in larger Rs∙A 
compared with top-bottom contacts. In the future device design, thicker and more heavily doped n-
contact layers may help reduce the series resistance. It is also evident from Fig. 5a that under reverse 
bias, the current density from the TPV on GaAs was close to, but still higher than that of the reference 
cell. At -0.1 V bias, the dark current density from the device on GaAs reached 5.6 mA/cm2, compared 
with 1.9 mA/cm2 from the reference cell. The comparison between these two dark J-V curves confirms 
that the metamorphic buffer on GaAs has successfully reduced the TD density in the GaInAsSb TPV 
active region to a very low level, suitable for photonic device fabrication and very similar to the 
reference device on GaSb which was free of TDs caused by lattice mismatch. Since the structure and 
processing techniques of the two devices was the same, the higher reverse current density were mostly 
likely caused by the still remaining TDs in the TPV active region. They can act as non-radiative 
recombination centers and reduce the minority carrier lifetime [21], resulting in higher dark saturation 
current density J0 from the generation-recombination mechanism. Higher J0 has been reported from 
devices with higher TD densities [41]. 
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Mesas of different sizes were also made from the same samples. The inverse of zero bias differential 
resistance-area product (1/R0A) versus perimeter to area ratio (P/A) from these two samples are shown 
in Fig. 5b. The R0 was estimated from -10 to 10 mV bias range on the I-V curves. The 1/R0A values 
from the devices on GaAs were close to, but still higher than the reference, possibly due to the TDs in 
the TPV on GaAs [42] The two linear fits shown by the dashed lines were not parallel to the x-axis, 
indicating that there were some weak size dependences for both structures. The sidewall resistivity, 
which equals the inverse gradient of the linear fit in Fig. 5b, can be estimated as 1.79 kΩ∙cm for the 
sample on GaAs, compared with 2.84 kΩ∙cm for the reference sample on GaSb. 
To characterize the TPV performance, the two cells were first mounted in front of an 800 ˚C Si3N4 
emitter with a parabolic reflector (Hawkeye Technologies LLC, IR-18 infrared source). The J-V curves 
of the two TPVs in Fig. 6a exhibited very similar trends. The TPV on GaAs achieved a Jsc of 0.98 A/cm
2, 
which was very close to the reference cell (1.04 A/cm2). The Voc from the TPV on GaAs was 0.178 V, 
about 83% of the Voc from the reference cell (0.214 V). The fill factor (FF) was estimated to be 46% 
for the metamorphic TPV on GaAs and 53% for the reference TPV. These two cells were also tested 
under a solar simulator at 1 sun (AM 1.5 condition), which generated the J-V curves shown in Fig. 6b. 
The Jsc from the TPV on GaAs (0.035 A/cm
2) reached about 87% of the reference cell (0.040 A/cm2). 
Both these Jsc values were slightly higher than the Jsc from the GaSb TPVs under the same test conditions 
reported by Tang et al. [11], which was very likely due to more photons being absorbed by the narrower 
bandgap GaInAsSb material in our case. The Voc from the TPV on GaAs was 0.074 V, compared with 
0.111 V from the reference cell. The FF from these two cells was 33% and 37% respectively. Both the 
Voc and FF values were clearly lower than the GaSb TPV [11]. The J0 of the TPVs would increase 
exponentially with narrowing material bandgap, which can the major reason for the lower Voc of 
GaInAsSb TPVs compared with GaSb TPVs. The results from these two tests in Fig. 5a and b are 
summarized in Table 1. 
The GaInAsSb TPVs were also tested under illumination from a quartz halogen (QH) lamp. By 
changing the distance between the cell and the lamp, the incident power density on the TPVs can be 
varied by more than two orders of magnitude. The Jsc versus Voc relation was shown in Fig. 6c for the 
TPV on GaAs and the reference cell. Interestingly, for the same Jsc, the difference in Voc values of these 
two cells stayed almost constant at 40 meV. For both devices, a linear relation can be observed between 
ln(Jsc) and Voc, in agreement with the results of Dashiell et al. [15]. From the two straight lines in Fig. 
6c we can obtain the ideality factor, n = 1.1 for both cells, indicating the diffusion current is the major 
contribution for the reverse dark current in both devices. By extending the two fitting lines to Voc = 0 
V, the J0 value was estimated to be 1 mA/cm
2 for the TPV on GaAs, compared with 0.3 mA/cm2 for the 
reference cell. This is in good agreement with the dark J-V plots in Fig. 5a showing slightly higher 
current density from the TPV on GaAs than the reference cell under reverse bias. It is worth noting that 
the measured J0 values for the two devices lie within the range reported by Mauk et al. for 0.5 eV 
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bandgap materials [43], but were still higher than the best values for GaInAsSb TPVs (<0.1 mA/cm2) 
[15].  We note that the lack of a wide bandgap barrier and BSF layer in our TPV structure could be a 
major reason for the higher J0. In addition, it can also be noticed on Fig. 6c that for Jsc > 0.2 A/cm
2, the 
Voc values started to deviate from the linear fits for both devices. To achieve higher Jsc, the cells needed 
to be mounted closer to the lamp, which was likely to heat the TPVs. As was demonstrated in our 
previous work [44], higher cell temperature can have a big impact on the reduction of Voc due to the 
increase in J0.  
3.3 Quantum efficiency 
The measured EQE curves of the GaInAsSb TPV on GaAs and the reference TPV are plotted in Fig. 7. 
The peak EQE value reached 62% at around 2.3 µm for the TPV on GaAs, very close to the reference 
cell in the plot, which falls in the range of the highest reported EQE’s from GaInAsSb TPVs without 
anti-reflection (AR) coating [15]. In the spectral range of 1.2 – 2.3 µm, the EQE from the TPV on GaAs 
was only lower than the reference cell by about 4% on average. This indicates that the metamorphic 
buffer layer has suppressed the TD density in the cell to a low enough range, so that the remaining 
dislocations had very little effect on the EQE. The slightly lower EQE from the TPV on GaAs was also 
in good agreement with its lower Jsc values in Table 1. On these two EQE curves, clear cut-offs can be 
observed, although the TPV on GaAs exhibited a cut-off at around 2.5 µm, about 100 nm longer in 
wavelength than the reference cell. This was caused by the small compositional differences of the 
GaInAsSb material from the MBE growth. The slightly narrower material bandgap of the TPV on GaAs 
may also partly contribute to its higher Jsc and lower Voc compared with the reference cell [15]. The 
reflectance of the p-GaSb material on top of the two cells was calculated by taking into account the 
effects of doping [45], which is plotted as the green curve in Fig. 7. The IQE curves were then obtained 
from the EQE and reflectance data, also shown in Fig. 7 as the dashed curves. The peak values of about 
92% for both cells are also among the highest IQE values of GaInAsSb TPVs reported in the literature. 
In the steel industry, a huge amount of steel is constantly exposed to the atmosphere at around 1127 ˚C 
(1400 K) [46]. Using the measured EQE data in Fig. 7, It can be calculated that the TPV on GaAs can 
generate a Jsc of 6.97 A/cm
2 when mounted in front of the 1400 K blackbody source, while the reference 
cell can produce a Jsc of 6.67 A/cm
2. Assuming the linear relation between ln(Jsc) and Voc in Fig. 6c can 
still hold true at higher illumination, the Voc from the TPV on GaAs and the reference cell will be 0.254 
V and 0.293 V respectively. If both cells’ FF values stay the same as under the 800 ˚C Si3N4 emitter, 
the power output from the reference cell can be extrapolated as 1.04 W/cm2, and 0.81 W/cm2 from the 
TPV on GaAs, which is almost the same as the commercial GaSb TPV produced by JX Crystals when 
tested under a 1200 ˚C source (0.82 W/cm2) [47], but on an inexpensive substrate.  
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4. Conclusions 
The design and development of an advanced metamorphic buffer layer has enabled us to demonstrate a 
TPV with narrow bandgap GaInAsSb integrated on a cost-effective GaAs substrate, which has almost 
the same performance characteristics compared with a lattice-matched InGaAsSb TPV on GaSb. The 
buffer layer region contained a combination of an IMF array and Ga0.83In0.17Sb/GaSb DFLs. High 
resolution TEM images and GPA analysis revealed clear misfit arrays, which helped to bind some of 
the TDs near the GaSb/GaAs interface. The remaining TDs in the buffer region were effectively 
suppressed by the DFL regions. ECCI measurements indicated the TD density in the GaInAsSb region 
was reduced to ~106 cm-2. The TPV on GaAs and the reference cell exhibited very similar dark J-V 
curves, and the series resistance-area product was 49 mΩ∙cm2 for the TPV on GaAs, compared with 61 
mΩ∙cm2 for the reference cell. However, the 1/R0A versus P/A analysis indicated the sidewall resistivity 
of the TPV on GaAs (1.79 kΩ∙cm) was still not as good as the reference cell (2.84 kΩ∙cm), suggesting 
a lower shunt resistance for the device on GaAs. The performance of the two TPVs was characterized 
using an 800 ˚C Si3N4 emitter, as well as a solar simulator in 1 sun (AM 1.5 condition). In both cases, 
the Jsc from TPV on GaAs was very close to the refence cell, and the Voc was about 40 meV lower than 
the reference cell. The Jsc versus Voc measurements indicated the J0 of the TPV on GaAs (1 mA/cm
2) 
was still higher than the reference cell (0.3 mA/cm2), which could be the major reason for its lower Voc 
and FF. The higher J0 from the device on GaAs was likely to be caused by the remaining TDs. The peak 
EQE of the TPV on GaAs exceeded 60% and the peak IQE was 92%, which are the highest ever reported 
for a GaInAsSb TPV grown on GaAs, and lies in the same range as that for GaInAsSb TPV grown 
lattice matched on GaSb. On average, the EQE and IQE values of the metamorphic TPV on GaAs were 
only about 4% lower than the reference cell. It gives a clear indication that the TD density in the cell 
was reduced low enough, so that they had a very small impact on the quantum efficiency. This 
metamorphic buffer layer technique can enable high quantum efficiency GaInAsSb TPVs to be grown 
on GaAs substrates, which will help to significantly reduce the cost of large area TPV production for 
waste heat recovery applications. 
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 800 ˚C Si3N4 1 sun AM 1.5 
TPV on GaAs Reference cell TPV on GaAs Reference cell 
Jsc (A/cm
2) 0.98 1.04 0.035 0.040 
Voc (V) 0.178 0.214 0.074 0.111 
FF 46% 53% 33% 37% 
 
Table 1. Performance comparisons between the GaInAsSb TPV on GaAs and the reference cell on GaSb. 
The 800 ˚C Si3N4 has λpk ~ 2.6 μm, while the solar simulator has λpk ~ 0.6 μm. 
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Figure captions 
Figure 1. Schematic illustration of the GaInAsSb TPV on GaAs substrate. 
Figure 2. (a) Bright field cross-section TEM image of the buffer region on GaAs substrate. High 
resolution TEM images of (b) the top DFL region, and (c) the GaSb/GaAs interface showing the 
periodic IMF array. (d) The xx component of the strain on the GaSb/GaAs interface from the GPA 
measurement. 
Figure 3. ω-2θ XRD plot of the buffer region (red curve) and the simulated fitting to determine the layer 
thickness and material composition (blue curve). 
Figure 4. Electron channelling contrast image (ECCI) of the surface from the TPV on GaAs showing 
emerging TDs as bright or dark dots, corresponding to a density of ~106 cm-2. 
Figure 5. (a) Dark current density-voltage curves, and (b) The 1/R0A product near zero bias as a function 
of P/A of the TPV on GaAs and the reference cell on GaSb.  
Figure 6. J-V curves from the metamorphic TPV on GaAs and the reference cell when illuminated (a) 
using an 800 ˚C Si3N4 emitter, λpk ~2.7 μm, and (b) solar simulator; 1 sun AM 1.5 condition, λpk ~0.6 
μm. (c) Jsc versus Voc plot of the two TPVs illuminated using a quartz halogen lamp, λpk ~0.9 μm, with 
varying light intensities. 
Figure 7. EQE and IQE curves of the GaInAsSb TPV on GaAs and the reference TPV on GaSb. The 
green curve illustrates the reflectance of the p-GaSb. 
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